Introduction
The mitral valve ͑MV͒ is the left atrioventricular valve that controls blood flow between the left atrium ͑LA͒ and the left ventricle ͑LV͒. It has a parachute like structure whose opening and closing dynamics are governed by the transvalvular pressure gradient and a complex force balance between the annulus, leaflets, and chordae tendineae, as shown in Fig. 1͑a͒ . During diastole, a negative transvalvular pressure gradient between the LA and the LV opens the valve, allowing diastolic LV filling. Systolic myocardial contraction increases LV pressure, providing the momentum for the valve leaflets to move toward the mitral annular plane until the leaflets coapt/overlap. As the leaflets move basally, the finite length and elasticity of the chordae tendineae restricts the leaflets from prolapsing into the LA. Thus, proper leaflet closure and coaptation geometry are determined largely by the balance of coaptation forces due to transvalvular pressure gradient and chordal tethering forces ͓1,2͔.
The strut chordae are the two thickest chordae that insert into the ventricular surface of the leaflets, midway between the annulus and the free edge, as shown in Fig. 1͑b͒ . The strut chordae play an important role in the mitral valve leaflet kinematics and left ventricular function ͓3,4͔. During systolic valve closure, the strut chordae maintain good anterior leaflet curvature, and during diastole restrict the anterior leaflet from obstructing the left ventricular outflow tract. Also, the strut chordae are thought to main-tain annular-ventricular continuity, which, if disturbed, may impair left ventricular function. These chordae have a thick, cylindrical collagenous core that extends from the base of the chord at the papillary muscle head to the insertion zone in the leaflet, where the cylindrical core fans out into a planar collagenous leaflet structure. At the insertion zone, the collagen distribution is spatially heterogeneous, resulting in complex mechanics that are not completely understood. Chen et al. ͓5͔ were the first to investigate the mechanics of the chordal insertion region under idealized biaxial loading conditions and proposed a three coefficient phenomenological strain energy density function to fit the experimental results. However, the strain energy density function was derived based under equibiaxial loading conditions alone, which likely does not represent the physiological deformations and multidimensional loading of the valve.
The fact that these data do not exist encourages investigation into understanding the complex mechanics of this transition zone. We know this region to be structurally complex and functionally important since it "spreads" the stresses of the uniaxially loaded chordae to the multiaxially loaded planar leaflet. Thus, in this study we sought to investigate the dynamic strain behavior of the MV anterior strut chordae insertion using native mitral valve marked with a dense, local marker array that would ensure a faithful representation of the local deformation.
Methods

Valve Preparation.
Fresh porcine hearts were obtained from the local abattoir and transported to the laboratory on ice. The LA was excised, providing an en face view of the MV, and the valve size was measured using a standard annuloplasty ring sizer ͑Edwards Lifesciences LLC, Irvine, CA͒. Porcine valves of size 28 were used in this study, as they best represent the size of the valves in humans. The valves were then carefully extracted from the hearts with the annular and subvalvular components intact, and stored in isotonic saline solution ͑0.9% vol/vol͒ for less than 24 h before being sewn onto ring made of Dacron ® in the native ͑i.e., without chemical fixation͒ state. Upon suturing the valve onto a planar D-shaped annulus and sewing small plastic rings on the PMs, the valve was mounted in the Georgia Tech left heart simulator shown in Figs. 2͑a͒-2͑c͒. Thirty-one miniature dots ͑300− 500 and intermarker distance of 2 mm͒ were marked on the anterior strut chordae insertion region using a biocompatible dye ͑Shandon tissue dye, Thermo Inc., Milford, MA͒. A triangular pattern of markers were used, extending from the base of the anterior leaflet at the strut chordal insertion region to the cylindrical region on the strut chordae shown in Fig. 3͑a͒ . This marker arrangement allowed for surface strain measurement over the entire chordal insertion region and helped in delineating the heterogeneity in the surface strains from the chord to the leaflet.
Hemodynamic Testing.
The MV was mounted into the in vitro left heart simulator and tested at a heart rate of 70 bpm, cardiac output ͑CO͒ of 5.0 liters per minute, a peak transvalvular pressure gradient of 120 mm Hg, and a systolic duration of 290 ms. CO was measured with an electromagnetic flow probe ͑FM 501D, Carolina Medical Electronics, Inc., King, NC͒. LV pressure and transmitral pressure ͑LV pressure− LA pressure͒ were measured with a differential pressure transducer ͑DP9-40, Validyne Engineering Corp., Northridge, CA͒, and both were recorded using an online data acquisition system ͑DAQCard-1200, National Instruments Corp., Austin, TX͒.
Image Acquisition.
Two high speed cameras ͑A504K, Basler Inc., Germany͒ of 1280ϫ 1024 pixel resolution were placed at approximately 30 deg from each other at the back of the transparent left ventricle, focused on the chordae insertion region. The motion of the strut chordae insertion region during the entire cardiac cycle was recorded as a series of TIFF ® images at a speed of 250 frames per second using an image grabber ͑EPIX CL3SD, Buffalo Grove, IL͒. The two cameras and hemodynamic data acquisition were triggered simultaneously to synchronize the images with the transvalvular pressure. The valves were tested under normal PM positions, which were defined as perpendicular to the annulus plane with minimal tension in the chordae tendineae.
Surface Strain
Calculations. The strain measurement methods are similar to those reported previously to measure leaflet strains by our laboratory ͓6-8͔. Briefly, custom MATLAB ® software was used to digitize the markers and obtain the ͓x , y͔ pixel coordinates of each marker in the acquired images. Direct linear transformation was used to reconstruct the array of 3D spatial coordinates, using a calibration cube of known dimensions. To compute the strain field, a custom MATHCAD program was used ͑PTC, Needham, MA͒ to transform the 3D coordinates into an in-plane coordinate system ͑u-v-n͒ based on a tangent plane. The u-v coordinates were then projected onto the deformed surface, and thus, formed a convective coordinate system that deforms with the surface. The origin of the u-v-n system was located at the center of the marker array, with corresponding unit vectors, e u , e v , and e n . In this study, e u was defined parallel to markers 1 and 7, e n , which is the surface normal, was computed using e n = e u Xe m4−m31 , where e m4−m31 is the unit vector parallel to markers 4 and 31, and e v = e n Xe u . Each marker x-y-z coordinate triplet for each frame was subsequently translated and rotated into the reference frame u-v-n coordinate system. To compute for the strain field within the insertion region delimited by the markers, we used a finite element-based surface interpolation. The position of any marker in the reference state is given by R 0 ͑u , v͒ = ue u + ve v + ne n , where n represents the normal component. To fit the marker array, a C 2 cubic hermite shape element was used for each displacement component. The reference surface fit gave the initial shape of the insertion region defined by the 31 marker array. The metric tensor in the reference configuration g 0 was computed from R 0 using the formulae discussed in a previous paper ͓7,9͔. To determine the strains for each frame f and component i = ͑1,3͒, the displacements for each marker d i f were first computed as the difference between the reference and deformed spatial marker positions. Thus, the position vector for frame f of any point on the deformed surface is given by
, v͒ is the fitted displacement field for the axial component i in the current frame f. From R f , the components of the metric tensor g f in the deformed configuration were computed, and the resulting Almansi ͑i.e., Eulerian͒ finite strain tensor for each frame was determined using e = 0.5͑g
The principal values of e were expressed as principal stretches 1 and 2 , with a corresponding principal angle 
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Collagen Orientation in the Chordal Insertion Region.
High spatial resolution small angle light scattering ͑SALS͒ scans were taken from the insertion region ͓7͔ to gain insight into the planar fibrous structure of the insertion region using the established methods ͓10͔.
Statistical Methods.
For each valve, the leaflet strain, strain rate, and principal vectors were calculated over 1 complete cardiac cycle. Since data acquisition was triggered identically for all the valves, the temporal strain data were averaged over the eight valves. At each time point the mean Ϯ1 standard deviation of the calculated strain, strain rate, and peak strain magnitudes is reported. The principal vectors were also averaged over the eight valves and normalized. Comparison of strain magnitudes between subregions was performed using paired t-test, as the data was normally distributed. Groups were determined to be statistically different if p Ͻ 0.05.
Results
Reference Surface Fitting and Marker Array
Placement. The finite element surface fitting technique fit the spatial positions of the 31 marker array very well, with R 2 Ն 0.98 and a mean error of Ϯ0.07 mm. Along the edges of the insertion zone shown in Fig. 3͑b͒ , the changes in surface curvature are significant, as shown in Fig. 4͑a͒ , though the calculated local error of the fitted surface at this region is as low as 20%.
Strain Field Results.
The stretch field over the chordal insertion region is heterogeneous with higher stretch magnitudes concentrated at the edges of the insertion region than the central region. Figure 4͑b͒ shows the local areal stretch magnitude mapped over the region delimited by the markers, and the heterogeneity of the stretch magnitude is clearly evident. Figure 5 shows the temporal changes in the areal stretch at the edges of the insertion region. During diastole, areal stretch is small and homogenous throughout the insertion region; however, with systolic progression, the stretch is heterogeneous with higher magnitudes at the edges and lower magnitudes at the center. Peak areal stretch is consistently higher at the markers on the left and right edges of the insertion zone than the central line. For example, markers 1, 4, and 7 shown in Fig. 3͑b͒ lie on the same horizontal line but are at the left edge, center, and right edge, respectively. The peak areal stretch magnitude is different at each of these markers, i.e., 1.89Ϯ 0.73 at marker 1, 1.22Ϯ 0.33 at marker 4͑p = 0.044 compared with marker 1͒, and 1.60Ϯ 0.42 at marker 7 ͑p = 0.05 compared with marker 4͒. However, there is no significant difference between the measured stretch at markers 1 and 7 ͑p = 0.354͒. Overall, the temporal changes in the areal stretch pattern are different between the three regions-the left edge ͑markers 1, 15, and 25͒ has a gradual increase in stretch until it reaches a peak, after which it gradually restores back to the reference state, the central region ͑markers 4, 17, 26, and 31͒ has minimal stretch throughout the cardiac cycle, whereas the right edge ͑markers 7, 19, and 27͒ has a rapid increase in stretch, followed by unloading within a very short period, as shown in Fig. 6. Figure 7͑a͒ shows a typical mapping of the major principal stretch magnitudes and vectors, and Fig. 7͑b͒ shows the minor principal stretch on the entire region of the strut chordae insertion during systolic valve closure. Similar to trends in the areal stretch, major principal stretch magnitude is significantly higher along the edges of the insertion region than the center. Regional stretch in the radial direction is significantly higher in the subregions along the left chordal edge and the right basal edge compared with rest of the insertion region. The direction of the major principal stretch is predominantly in the radial direction throughout systole, with the 
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Transactions of the ASME vectors pointing toward the annulus. Small changes in the principal vector, indicating that cross-fiber shear stretch is quite small. Minor principal stretch magnitude is significantly higher on the basal edges of the insertion zone than the center or toward the chord, with the minor principal stretch vector predominantly in the circumferential direction. Figure 8 shows the temporal changes in the major principal stretch at selected markers on different subregions of the chordal insertion zone, and Fig. 9 shows the changes in the minor principal stretch at the same locations. In the major principal direction, the maximum stretch is at marker 31 on the strut chord, followed by the right edge and the smallest being along the left edge of the chordal insertion zone. In the minor principal direction, the maximum stretch is at the left edge of the chordal insertion zone, followed by the right edge and then the central axis.
Stretch Rates.
Stretch rates in the two principal directions are used to assess the regional variations in strains. Table 1 reports the stretch rate at three markers on the left edge, three on the central axis, three on the right edge of the insertion zone, and finally one marker on the strut chord. In the major principal direction, the stretch rates on the left edge are significantly higher than the right edge and the central axis, where the stretch rate is smallest. Maximum stretch rates are recorded on the strut chordae ͑marker 31͒ that corroborated with previous findings from our laboratory ͓11͔. In the minor principal direction, there are few localized regions of high stretch rate compared with the rest of the region of interest. These hot spots are mainly at the regions that are close to the A2 cusp that has the largest basal motion during systolic coaptation ͑markers 1 and 15͒, and in the region close to the leaflet commissure ͑markers 7 and 19͒.
Ultrastructural Examination.
SALS results demonstrated a complex transition from the highly aligned chordae to the leaflet main body ͑as shown in Fig. 10͒ . In particular, we observed a drop in alignment ͑orientation index values changed from 25 deg to 45 deg within a few mm, see inset͒. We also noted substantial arching in the vicinity of the insertions.
Discussion
Data from this study shows a heterogeneous stretch mapping over the insertion region with higher stretching of the tissue along the edges of the insertion zone than the center, as systole progressed. To clearly elucidate the mechanics of the insertion zone, both the temporal changes and spatial heterogeneity at each time point are presented in Figs. 7-9. As the cardiac cycle progressed from diastole to peak systole, there was a gradual increase in the stretch across the region, with the highest stretch at the left and right edges of the insertion region, and the lowest stretch at the basal end of the chordal insertion into the leaflet, as shown in Fig.  7 . The results show that the areal stretch rapidly increases at the apical segments ͑below the horizontal line connecting markers 15-19͒ and along the insertion zone edges, while minimal stretch was recorded at the central region around markers 4, 10, 11, and 12 during early systole. As systole progressed, this pattern of stretch remained consistent, but with increasingly higher stretch magnitudes at the edges of the insertion zone and a smaller region at the center that remains undeformed. Examining the mesh deformation shown in Fig. 4͑a͒ during systole, it seems that the tissue along the axis of the strut chordae remains undeformed, but the two edges of the insertion zone on either sides of this axis undergo significant out of plane deformation. In such a case, if the insertion zone had a uniformly distributed collagen matrix, one would expect that the maximum deformation would be at the central axis, as it acts like a fulcrum to the two bending edges. However, the experimental results show the contrary, with the maximum stretch along the edges and very little stretching at the central axis. This not-so-obvious stretch pattern, the authors be- lieve, is due to the microstructural arrangement of collagen fibers, wherein the collagen core from the strut chord splits into two bundles that run along the leaflet boundaries, while the collagen in the interior/central part of the zone may be more circumferentially aligned, as shown in Fig. 10 . However, the composition of these fibers along the insertion zone edges was not investigated in this study; thus, the effect of microstructure on the observed stretch pattern is purely speculative. The observed areal stretch pattern correlated very well with the facts known about the physiological function of the mitral valve, wherein the A2 and A1/A3 cusps move more basally to obtain good valve closure than the region of insertion of the strut chord. This basal cusp motion stretches the tissue increasingly at either edge of the chordal insertion zone than the central region, which is more or less a part of the leaflet already.
The major and minor principal stretch maps also provide interesting insights into the transition of forces and resulting mechanics during valve closure. During diastole, the chordal insertion region seems to be in equilibrium between the tension from the leaflet and the chordae, which is evident from the radial orientation of the major principal vectors in Fig. 7 . At the beginning of the valve closure, the insertion zone was only radially stretched as the anterior leaflet moved toward the annulus even if there is not much loading on the leaflet. As the anterior leaflet continued to move basally to coapt with the posterior leaflet with increasing ventricular pressure, increased magnitudes of principal stretch were measured. At the end of the valve closure, chordae insertion region reached equilibrium between the in-plane tension on the leaflet and the axial load on the chordae. Though regionally these transitional stretch patterns are sensible, they are highly dependent on the leaflet coaptation as a boundary force condition. These results show a strong coupling between the major and minor principal directions, and the complex biomechanics of the chordal insertion zone.
The results from this study extend the mechanical measurements reported by Chen et al. performed under idealized equibiaxial loading conditions on porcine anterior mitral leaflets. The novelty of the current study the mechanical behavior of the chordal insertion region is quantified under physiological loading conditions. Though the geometric and loading conditions are different in the two studies, the results can be compared to understand the overall trend in the mechanics. Along the radial direction, Chen et al. reported a maximum stretch of 35% closer to the leaflet and 20% closer to the strut chord and along the circumferential direction, and a maximum stretch of 10% closer to the leaflet and ϳ17% closer to the strut chord. In this study, the marker array ͑except for marker 31͒ represents the same region of interest as considered by Chen et al., and thus, qualitative comparison between the results is justified. Figure 8 clearly shows that the average maximum stretch in the radial direction is ϳ40% near the leaflet and ϳ30% near the strut chord, thus agreeing with previous results. Figure 9 shows that the average maximum stretch in the circumferential direction is ϳ45% near the leaflet and ϳ20% near the strut chord. The higher leaflet deformation in the circumferential direction in this study than the biaxial data Transactions of the ASME could be attributed to the difference in the loading conditions between the two cases. It is worth noting that the static biaxial data do not capture the heterogeneity in the stretch pattern nor the temporal changes in the stretch, thus limiting the extent to which a quantitative comparison can be performed. This study provides detailed insights into the mechanics of the strut chordae insertion region, which are not only interesting from a scientific perspective, but may also have several clinical applications. To date several studies on the biomechanical of the mitral valve structure have been reported ͓12-14͔, but there is little understanding of the biomechanical events that develop the complex mitral valve structure from the endocardial cushions. It is speculated that the cushion tissue under increasing stretch from the papillary muscles separating from the myocardium clearly delineates the leaflet structure and the chordal structure. Though this hypothesis is yet to be verified, this study provides insights into the mechanics of the complex transition zone, where the planar collagenous leaflet morphs into a cylindrical collagenous structure. In the future, this knowledge could help researchers investigate the logical sequence of events that govern the formation of the different components of the mitral valve structure. From a clinical perspective, knowledge of the strut chordal insertion region may aid better surgical decision making in using techniques such as chordal cutting, where the strut chordae on the anterior leaflet are severed. Such procedures could potentially alter the local and global valve mechanics, and may have detrimental effects on the durability of the valve repairs. Even though diffusion of basic mechanics knowledge into clinical practice takes significant thrust and time, basic mechanics studies as this one may eventually aid in improved repair design ͑e.g., neochordae design͒, clinical decision making, and design of optimal heart valve implants.
Limitations.
Although this study elucidates the complex biomechanics of the chordal insertion region, it has some inherent limitations. In this study we used porcine mitral valves, which may, to some extent, differ in their structure, function, and microstructure from those in humans. However, in a previous study, we have shown the structural similarity between porcine and human valves, and thus, expect the differences to be within reasonable limits. In addition, the ventricular model used in this study does not represent the physiological contractile muscle model in humans, and thus, may have not completely simulated the loading conditions in the actual human heart. A static planar annulus was used in this study, which does not represent the physiologic saddle shaped, dynamic mitral annulus. The authors acknowledge this limitation and are developing a new annular model to mimic the sphincteric motion and three-dimensionality of the annulus. The complex collagen fiber distribution and orientation entails investigation of the microstructure of the insertion region which is three-dimensional. Finally, we assumed the reference image from which the anterior leaflet starts to move to annulus was a strainfree state during valve closure. It is possible that the chordae insertion region may bear some prestretch due to the fluid drag forces on the chordae, even before systolic valve closure. This may cause a small error in the stretch measurements. However, given the high reproducibility of the measurements, the authors believe that this is a reasonable approach.
Conclusions
From the present study, we can draw the following conclusions:
͑1͒ Heterogeneous stretches over the chordae insertion region occur in the strut chordae insertion region. The large stretches occurred in both sides across the ridge of the strut chordae in the basal area of strut chordae insertion region. The stretches on the two sides across chordae center line are not significantly different. ͑2͒ The strut chordae insertion area stretched in the radial direction at the beginning of valve closure and then stretched in the circumferential direction. The minor principal stretches were compressive, while the major principal stretches are tensile at the end of valve closing, which suggests the strongly coupled stretches in two principal directions and explains small areal stretches in the valve closing and opening. ͑3͒ The stretches were nearly symmetrical with respect to the chordae center line during the mitral valve closing and opening. The stretches demonstrate a transition from the radial direction in the chordae to the circumferential direction in the leaflet side. ͑4͒ There is some radial stretch in the strut chordae insertion region even when the valve is fully open, which restricts the anterior move further into the left ventricle outflow tract. 
